One explanation for the evolution of sexual monomorphism is the sexual indistinguishability hypothesis, which argues that in group-living species individuals might bene¢t by concealing their sex to reduce sexual competition. We tested this hypothesis in long-tailed ¢nches Poephila acuticauda. Males and females could not be reliably distinguished morphologically or by analysis of the re£ectance spectra (3007 00 nm) from the plumage and bill. Males seemed unable to distinguish the sex of an unfamiliar individual in the absence of behavioural cues; they were equally likely to court and copulate with unfamiliar males and females but rarely courted familiar males. Here we report the ¢rst experimental evidence that sexual monomorphism enables strategic concealment of sex. Males were more likely to reveal their sex when faced with a solitary unfamiliar individual than a group of unfamiliar individuals. When encountering an unfamiliar male that revealed his sex, subordinate males were more likely to conceal their sex than dominant males.
INTRODUCTION
Sexual dichromatism provides a reliable cue to sexual identity. For example, sexually dichromatic birds and lizards use visual cues to recognize the sex of conspeci¢cs, because when females were given arti¢cial`male-like' coloration they were treated aggressively by males (Noble 1936; Werner 1978; S×tre & Slagsvold 1992) , and because males attacked stu¡ed males but attempted to copulate with stu¡ed females (Noble & Vogt 1935) .
Given that conspicuous sex-speci¢c markers are used for sex recognition and are advantageous in facilitating rapid discrimination between rivals and potential mates, why are so many species sexually monomorphic ? Several hypotheses have been advanced, including genetic correlation between the sexes (Lande & Arnold 1985) , similar natural selection of the two sexes combined with weak sexual selection (Bjo« rklund 1984) and mutual mate choice (Darwin 1871) .
A fourth possibility, which is compatible with the previous hypotheses, is the sexual indistinguishability hypothesis proposed by Burley (1981; and see Butcher & Rohwer (1988) for a similar argument). Burley argued that in monogamous, group-living species the repeated interactions due to sexual competition would sometimes be disadvantageous, so individuals might bene¢t by being able to conceal their sex. An important prediction of this hypothesis is that subordinate individuals should conceal their sex more than dominants, because subordinates are more likely to be the losers in competitive interactions.
Preliminary evidence that many sexually monomorphic, group-living birds may fail to distinguish sex in the absence of behavioural cues comes from experimental studies on feral pigeons Columba livia (Burley 1981) , spice ¢nches Lonchura punctulata (Moynihan & Hall 1954) and ru¡ed grouse Bonasa umbellus (Allen 1934) , and from observations of male^male courtship and mountings in wild populations of sexually monomorphic, group-living species (e.g. lesser snow geese Anser caerulescens, Mineau & Cooke 1979 ; cattle egrets Bulbulcus ibis, Fujioka & Yamaguchi 1981 ; common murres Uria aalge, Birkhead et al. 1985 ; pukekos Porphyrio porphyrio, Jamieson & Craig 1987; capuchinbirds Perissocephalus tricolor, Trail 1990 ; razorbills Alca torda, Wagner 1996; adelie penguins Pygoscelis adeliae, Davis et al. 1998) .
Strategic concealment of sex occurs in several sexually dimorphic species. Male polymorphisms enable adaptive sexual mimicry, in which competitively inferior males avoid harassment by mimicking females (e.g. bluegill sun¢sh Lepomis macrochirus, Dominey 1980; rove beetles Leistotrophus versicolor, Forsyth & Alcock 1990 ; pied £ycatchers Ficedula hypoleuca, Slagsvold & S×tre 1991) . Strategic concealment of sex should be easier in sexually monomorphic species which have non-permanent sexual signals (S×tre & Slagsvold 1996) . However, there are no experimental tests of whether sexually monomorphic species conceal their sex in relation to their competitive ability.
We tested this hypothesis in long-tailed ¢nches, a socially monogamous, sexually monomorphic ¢nch from northern Australia. In the wild, they live in loose colonies of 20^30 members, but groups can coalesce to form £ocks of several thousand individuals (Immelmann 1965) . In such large £ocks individuals will engage in constant social interactions, often with unfamiliar individuals. We used a captive population to investigate three questions: (i) are long-tailed ¢nches truly sexually monomorphic ?; (ii) can they distinguish sex in the absence of behavioural cues?; (iii) do individuals strategically conceal or reveal their sex in relation to their dominance status?
A behavioural trait of long-tailed ¢nches makes them particularly amenable to testing perception of sex di¡er-ences. Males readily court newly arrived individuals with an abbreviated version of the lengthy courtship display used within pairs (Zann 1977) . In the abbreviated display, the male approaches the newcomer, adopts an upright posture, sings one or more songs and attempts to copulate without waiting for a copulation solicitation (Zann 1976) . Zann (1975 Zann ( , 1976 has observed wild-caught males directing this display at females other than their own mate and other males. Similar displays are performed by males of other sexually monomorphic estrildid species to unfamiliar males and females (spice ¢nch, Moynihan & Hall 1954 ;`white morph' zebra ¢nch Taeniopygia guttata, Zann 1996) and by males of sexually dimorphic estrildids to unfamiliar females (¢re¢nches Lagonosticta spp., Kunkel 1967; zebra ¢nch, Zann 1996) .
If long-tailed ¢nches are unable to distinguish the sex of a newcomer without behavioural cues, males should direct this display at newly arrived males as well as newly arrived females. However, since the display requires that a male reveals his sex, we predict that subordinate males should be less likely to court newcomers than dominants. We used this abbreviated courtship display to indicate whether a male concealed or revealed his sex, and tested three predictions: (i) males will display to unfamiliar males and unfamiliar females with equal frequency when they ¢rst meet, but will not display to familiar males or their own mate; (ii) males will be less likely to display if confronted by a group of unfamiliar individuals than if confronted by a single unfamiliar individual; (iii) subordinate males will be less likely to display than dominant males.
METHODS
Fifty long-tailed ¢nches were acquired from eight breeders in England in 1996 and 1997 and were housed in indoor aviaries and cages at the Sub-department of Animal Behaviour, University of Cambridge. The birds were one to ¢ve years old and some had bred previously. They were provided with drinking fountains, grit, cuttlebones and water baths and fed on Haith's foreign ¢nch seed mix ad libitum, supplemented once a week with Haith's foreign ¢nch tonic mix, eggfood and fresh cress or chickweed.
(a) Procedure for sexing birds
In most estrildid ¢nches, including long-tailed ¢nches, males sing`undirected songs' as soon as they are visually isolated from other individuals, whereas females never sing (Zann 1975) . Like the closely related zebra ¢nch (Nottebohm & Arnold 1976) , female long-tailed ¢nches probably lack the neural circuitry necessary to produce song. Therefore, presence or absence of song when isolated was used to sex birds initially. Sexing was subsequently con¢rmed repeatedly over two years by courtship and breeding behaviour; all the males (but none of the females) sang, produced nesting invitation calls (Immelmann 1965) , and courted and mounted other individuals. Five of the females were used for breeding and all solicited copulations and laid eggs.
(b) Morphometric measurements
To test whether long-tailed ¢nches are truly sexually monomorphic, we compared the mass, wing length, tarsus length, tail length, bib size and re£ectance spectra of the plumage and bill of males and females. Mass was measured to the nearest 0.5 g using a 50 g Pesola spring balance. Wing length was measured from the carpal joint to the tip of the longest primary on the £attened, folded wing. Tarsus length was measured from the back of the`knee' to the base of the middle toe, characterized as the last scale on the leg before the toes divide. Long-tailed ¢nches have two elongated central tail feathers. Tail length was measured from the tip of the longest feather to the point of entry into the body. Biometrics were analysed using two-tailed, unpaired t-tests.
The size of the black throat bib was measured from video images. All birds were ¢lmed on the same day in a wooden box (47 cm Â 30 cm Â 25 cm) with a Perspex front and containing a single perch, using a Sony Hi8 video recorder CCD-TR680E. Birds were caught with a bag-net and released directly into the box, so their plumage was not disturbed by handling. Threè snapshots' of each bird facing the camera were transferred from the video footage into the Macintosh program Adobe Photoshop. The bib was highlighted using the Magic Wand option (tolerance 20), and a count of the number of pixels in this area was obtained. Pixels were a reliable measure of bib size because there were signi¢cant di¡erences between individuals (repeatedmeasures ANOVA; F 30,92 19.5, p 0.0001), but not within individuals (F 2,92 0.36, p 0.7).
(c) Spectrophotometric measurements
Long-tailed ¢nches appear to be sexually monochromatic (Immelmann 1965) . However, avian colour vision is di¡erent to that of humans; birds have four spectrally distinct classes of cone, compared to three in humans, and are sensitive to near ultraviolet wavelengths (300^400 nm) to which humans are blind (Bennett et al. 1994) . Furthermore, UV re£ectances may contain hidden plumage sexual dichromatism (Hunt et al. 1998; Cuthill et al. 1999) , and may play a role in mate choice decisions (Bennett et al. 1996) . Therefore, we used re£ectance spectrophotometry (300^700 nm) to determine objectively whether there was any sexual dichromatism in long-tailed ¢nches. Measurements were performed as described previously (Hunt et al. 1998 ) using a Zeiss MCS 500 spectrophotometer and Zeiss CLX 500 light source. Illumination was at 458 to the normal, and re£ec-tance measured at 08 to the normal. Seven adult females and seven adult males were measured, and four re£ectance spectra were taken from each of eight plumage regions and the upper mandible (table 1). Analysis of the resulting 360 re£ectance spectra was as described previously (Hunt et al. 1998; Cuthill et al. 1999) . In brief, principal components analysis (PCA) reduced a large number of highly correlated variables (re£ectance at 2.4 nm intervals) to a small number of independent variables which described the great majority of the variation. Repeatedmeasures multivariate analyses of variance on the resulting principal component scores was then performed to determine if there were sex di¡erences in spectra.
(d) Experiments
Twenty-seven males were randomly assigned to nine groups of three and dominance was assessed during three half-hour watches per group. We scored the number of times an individual was displaced by a lunge, peck or chase from another individual. To exacerbate con£ict during the watches the group was con¢ned to one-third of their cage (60 cm Â 45 cm Â 30 cm) and a small tray of a favoured eggfood treat was provided. We also compared tarsus length and mass of the dominant and subordinate male in each group, but could not compare bib size because measurements were only available for a subset of males.
Three experiments were conducted: group tests, single-male tests and paired-male tests. Single-male tests commenced two weeks after the group tests, and paired-male tests commenced 11 weeks after the group tests.
(i) Group tests
Each group met three newcomers: a familiar male, an unfamiliar male and an unfamiliar female.`Familiar' males were long-term aviary companions of the experimental groups and were housed with the groups for at least 48 h prior to these encounters.`Unfamiliar' males and females had never met the experimental groups before. Di¡erent individuals were used as newcomers for each group. Twenty-four hours before the tests, the experimental group of three was moved to the experimental cage, a double ¢nch cage (120 cm Â 45 cm Â 30 cm), which could be divided in half with an opaque partition. On the day of the three encounters, the group was con¢ned to half the cage and the ¢rst of the`newcomers' was placed in the other half. The newcomer was left to acclimatize for 5 min. The partition was then removed for 15 min and interactions were observed. We scored the number of courtship displays, whether courtship culminated in a copulation and the responses of the recipients of courtship displays. Responses to courtship displays were categorized as aggressive (bill fencing), evasive (the recipient £ed), cooperative (the recipient allowed copulation) or reciprocal (the recipient courted in return). The order of the three encounters was rotated between each group, and each encounter was separated by an interval of one hour.
(ii) Single-male tests
The dominant male and the subordinate male from each of the nine groups were used for these tests. The nine middle-ranking males were randomly assigned to three more groups of three and ranked for dominance as above. The most dominant and the most subordinate individuals from these three groups were then also used in the single-male tests, to give a total of 12 dominant and 12 subordinate males. Each of these males (n 24) met three The univariate test results should only be consulted if the multivariate test for the corresponding region is signi¢cant. However, when the a Dunn^ Sida¨k correction is applied to maintain the experiment-wise error rate at 5%, no regions have p-values approaching signi¢cance. The percentage of between-spectra variance explained by each principal component is indicated in the second column. As principal component one (PC1) represents achromatic brightness (¢gure 2), principal component two (PC2) and principal component three (PC3) describe most of the variation in colour, which is produced by changes in spectral shape. newcomersöan unfamiliar male, an unfamiliar female and a familiar maleöas in the group tests above, except this time the encounters were one-to-one. The dominant male and the subordinate male from each group met the same three newcomers, but between groups the newcomers were di¡erent. Otherwise the procedure was the same as for the group tests.
(iii) Paired-male tests A potential problem with the above experiments is that males housed in single-sex groups might direct sexual behaviour towards other males because of the lack of females. To test this, we conducted a third experiment on ten males who were paired up with females two to six weeks before the tests. The male was removed from his mate only 30 min prior to the start of the experiment. He then met an unfamiliar male, an unfamiliar female and a familiar female, his own mate, and as before the order of presentation was rotated between males.
From the group, single-male and paired-male tests, the reactions of the subjects to the newcomers were used to test sex discrimination abilities. From the group tests and single male tests the reactions of the newcomer unfamiliar males were also used to investigate strategic concealment of sex, by comparing responses of newcomers to a group of unfamiliar individuals versus a single unfamiliar individual. In the single-male tests, the behaviour of both the subjects and the newcomer unfamiliar males were used to test whether subordinate males were more likely than dominants to conceal their sex in response to an unfamiliar male that revealed his sex.
RESULTS
(a) Are long-tailed ¢nches sexually indistinguishable?
There were no signi¢cant di¡erences between males and females in mass (t 47 0.89, p 0.38) or tarsus length (t 48 0.71, p 0.48). Females had signi¢cantly shorter wings (t 47 2.58, p 0.01) and tails (t 47 2.7, p 0.01), and signi¢cantly smaller bibs (n 19 males and 12 females, Mann^Whitney U 33, p 0.001. Corrected experiment-wise signi¢cance level for ¢ve comparisons; critical p 0.01, Dunn^ Sida¨k method, Sokal & Rohlf 1995) . In all cases the female distribution was contained entirely within the male distribution (¢gure 1), so these traits did not provide reliable indicators of sex.
In all regions, male and female re£ectance spectra were similar in shape and achromatic brightness (table 1; ¢gure 2a^e). Only in the yellow upper mandible and grey crown were there peaks of re£ectance in the UV (3004 00 nm). PCA and multivariate analyses of the re£ec-tance spectra (table 1) revealed no sex di¡erences in any of the nine regions, and in neither achromatic brightness (represented by PC1) nor spectral shape (represented by PC2 and PC3). Even in the two areas which had the greatest tendency towards sexual dimorphism in re£ec-tance the distribution of males and females overlapped (¢gure 2f,g). Consequently, the coloration of none of the nine regions provided reliable indicators of sex. The results of all three experiments suggest that males could not distinguish the sex of unfamiliar individuals.
Males courted and copulated with unfamiliar males and females with equal frequency, but rarely courted or copulated with familiar males or females (¢gure 3). Courtship displays were also never performed between familiar males during the dominance watches. Paired males courted both unfamiliar males and unfamiliar females, showing that courtship of unfamiliar males was not an artefact of housing birds in single-sex groups.
Most interactions occurred in the two minutes after removal of the partition. During this interval birds of both sexes usually exchanged greetings comprising quiet kackling' and bowing (Zann 1975 (Zann , 1977 , and most courtships occurred during this period. Females never revealed their sex during greetings; no females solicited copulations or produced calls other than`kackles'. Some males and females produced`long' calls (Zann 1975) In the left panel, mean re£ectance spectra for males (n 7) and females (n 7) are shown. Spectra are the mean of individual bird means across four randomly located measurements within each body region; error bars are omitted for clarity. The right panels show the corresponding principal component coe¤cients plotted against wavelength, shown separately for PC1, PC2 and PC3. In all regions, PC1 is £at indicating that it is correlated with achromatic brightness. By contrast, PC2 and PC3 vary across regions and are curved and consequently describe variation in spectral shape (which includes hue and chroma). ( f ) Grey crown, (g) white rump. These show overlap in re£ectance spectra in the two regions and variables that were most tending towards sexual dichromacy. Even in these cases male and female distributions overlapped, so neither region could provide a reliable indicator of sex. PS indicates principal component score. response to courtship, females usually evaded the male or reacted aggressively by bill-fencing. Males responded to courtship aggressively or evasively like females, or reciprocated immediately, or cooperated by allowing the courting male to copulate (one case only, but interestingly the male who had su¡ered the highest displacement rate during assessment of dominance). No di¡erences were detected between mountings of females and mountings of other males, and cloacal contact was achieved in some cases of both male^male and malef emale mountings.
(c) Strategic concealment of sex: group size e¡ects Newcomer males were more likely to conceal their sex when confronted with a group of unfamiliar individuals than when confronted with a single unfamiliar individual (¢gure 4a).
(d) Strategic concealment of sex: dominance e¡ects Dominant and subordinate males did not di¡er signi¢cantly in mass (n 12 pairs of males, Wilcoxon Z 71.56, p 0.12) or tarsus length (Z 70.43, p 0.67). However, mass did have some in£uence because when there was a pronounced asymmetry in dominance (di¡erence in number of displacements 410, n 9), the di¡erence in weight between the dominant and subordinate was signi¢cantly greater than when the dominant and subordinate were relatively evenly matched (di¡erence in number of displacements 510, n 3; Mann^Whitney U 3, p 0.05).
From the single-male tests, subordinate males were just as likely as dominants to court unfamiliar males (Fisher's exact test p 0.09) and unfamiliar females (p 0.7), so the sexual motivation of subordinate males was not less than that of dominants. From the`unfamiliar male' encounters in the single-male tests, considering a subset of data in which at least one male revealed his sex with a courtship display, we can ask how the recipient of the display responded if he was a dominant male and if he was a subordinate male. Dominant males were signi¢cantly more likely to reciprocate by revealing their sex in return than subordinates (¢gure 4b).
DISCUSSION
These results provide strong support for the sexual indistinguishability hypothesis and they are the ¢rst experimental evidence of strategic concealment of sexual identity in a sexually monomorphic species. Further, this is perhaps the most comprehensive study of the extent of sexual monomorphism, including spectral re£ectance analysis of coloration and its impact on sex recognition in birds. Our data show that male birds cannot distinguish sex without behavioural cues when there is extensive overlap between the sexes in morphological traits. Males were equally likely to court and copulate with an unfamiliar male or an unfamiliar female, but rarely courted or copulated with familiar males. We did not test the ability of females to discriminate between the sexes, but in other species females have better sex discrimination abilities than males (Slagsvold 1993; Hakkarainen et al. 1993) .
Males were more likely to conceal their sex when confronted with a group of unfamiliar individuals than when confronted with a single unfamiliar individual. This is likely to be a strategic decision to reduce the chances of harassment, because in a larger group some of the strangers are likely to be males. Dominants and subordinates were equally likely to court unfamiliar males and females, so dominants did not have a higher sexual motivation than subordinates. However, when confronted with an unfamiliar individual who revealed he was a male, subordinate males were more likely to respond by concealing their sex than dominants. This strategy makes good sense. If subordinates failed to court and copulate with an unfamiliar individual that did not reveal its sex, they might miss the chance to gain a mate or an extrapair mating if the unfamiliar individual turned out to be a female. However, if they are sure that the unfamiliar individual is a male they may reduce sexual con£ict by concealing their sex.
Males and females overlapped in the size of all traits, but the female distribution was contained within the lower end of the male distribution for most traits. Therefore, very large males at the upper end of the distribution may be unable to conceal their sexual identity. This suggests a potential cost of large size, a possibility which warrants further investigation. Does concealment of sex pay in terms of reducing harassment ? In pied £ycatchers it not only reduces harassment, but also directly enhances the competitive ability of males (S×tre & Slagsvold 1996) . In this sexually dimorphic species, males are black and females are brown but some males have female-like, brown plumage. In contests between female-like males and black males over a nest site, female-like males always initiated attacks ¢rst and were nearly always the winner. Apparently, femalelike males gained an advantage by concealing their sex because they controlled initiation of ¢ghts.
Finally, this study suggests how the dominance displays of several sexually monomorphic species may have evolved. In some sexually monomorphic birds male^male mountings are a form of dominance display (razorbills, Wagner 1996) or are associated with dominance (lesser snow geese, Mineau & Cooke 1979; pukekos, Jamieson & Craig 1985) . By contrast, there was no evidence in longtailed ¢nches that male^male mountings functioned as dominance displays because they were not performed by familiar individuals during dominance interactions. However, dominant males were more likely than subordinates to reveal their sex to unfamiliar birds through courtship and copulations. If a courtship display is more likely to be performed by dominant individuals, then it might become ritualized into a dominance display. 
